An enumeration method to be used as official control under Council Directive 70/524/EEC for probiotic pediococci used as feed additives was validated for consideration for adoption as Comitée Européen de Normalisation (CEN) and ISO standards. Seventeen laboratories in 11 European countries carried out an interlaboratory study. A spread plate method following BS ISO 15214:1998 using 4 different agars [MRS, acidified MRS, MRS with triphenyl tetrazolium chloride (TTC), and a newly developed pediococci selective medium (PSM)] was validated. Precision data in terms of repeatability (r) and reproducibility (R) of the method for each medium using different feeding stuffs with a high and a low inoculation level were determined. Pediococci were present in the samples in mixtures with other probiotics. The enumeration of pediococci on all agars showed an RSD r value of 0.4-3.1% and an RSD R of 1.3-4.8%. MRS agar was preferred, followed by acidified MRS and MRS + TTC agar. All 4 media gave similar counts. Depending on the presence and concentration of other probiotic, such as enterococci, lactobacilli, and yeast, acidified MRS or MRS + TTC agar are recommended. The PSM was selective for pediococci and can be used if this species is present at a concentration more than 10-fold lower than other species that can grow on the MRS agars. The methodology with all 4 media is not applicable to mineral feed. (Gaiker, Bilbao, Spain). Each project partner was responsible for the development of an enumeration method for one or 2 probiotic microorganisms. Project partner IV developed a selective medium for pediococci. Project partner I was responsible for the validation of all enumeration methods. The selective pediococci agar was validated in parallel with currently available enumeration media for lactic acid bacteria. Therefore, 4 different agars were validated, and the precision data generated according to a protocol conforming to the International Harmonized Protocol for Collaborative Studies were compared for each medium. Data from the interlaboratory trials were used to calculate the repeatability (r) and reproducibility (R) of the method and each of the 4 growth media in relation to feed and premixtures on selective and nonselective media (4-6). Seventeen laboratories from 11 European countries
M ethods for the official control of probiotic pediococci used as feed additives were developed within the European Community project SMT4-CT98-2235 and subsequently validated. The project (SMT4-CT98-2235) was financed by the European Commission (Standards, Measurements and Testing Program) to develop official control methods for 6 probiotic microorganism species (enterococci, lactobacilli, bifidobacteria, pediococci, bacilli, and yeast). For acceptance of standards by the Comité Européen de Normalisation (CEN), methods need to be validated by means of an interlaboratory study.
Suitable procedures with selective and nonselective agars were chosen to enable the enumeration of a single species when present as the only component or in combination with other species. The method development was based on the literature and on already available standard methods (1) (2) (3) .
The project partnership comprised a coordinator (I) and 4 contractors (II-V): (I) Central Science Laboratory (CSL; York, UK); (II) Agricultural University of Vienna (Institut für Milchforschung und Bakteriologie, Vienna, Austria); (III) University of Caen (Laboratoire de Microbiologie Alimentaire, Institute de Biochemie et de Biologie Applique, Caen, France); (IV) National Dairy Products Research Centre (Teagasc, Fermoy, Ireland); (V) Gaiker Laboratories (Gaiker, Bilbao, Spain). Each project partner was responsible for the development of an enumeration method for one or 2 probiotic microorganisms. Project partner IV developed a selective medium for pediococci. Project partner I was responsible for the validation of all enumeration methods. The selective pediococci agar was validated in parallel with currently available enumeration media for lactic acid bacteria. Therefore, 4 different agars were validated, and the precision data generated according to a protocol conforming to the International Harmonized Protocol for Collaborative Studies were compared for each medium. Data from the interlaboratory trials were used to calculate the repeatability (r) and reproducibility (R) of the method and each of the 4 growth media in relation to feed and premixtures on selective and nonselective media (4) (5) (6) . Seventeen laboratories from 11 European countries were invited to participate in the trial. Each method was challenged with samples containing single microorganisms or mixtures. The results are intended for submission to CEN in the corresponding CEN methods and subsequently to ISO via the Vienna Agreement.
Interlaboratory Study

Design of the Interlaboratory Study
Seventeen laboratories from 11 European countries participated in an interlaboratory trial. The design of the trial was described in a detailed trial chronology and standard operating procedure (SOP). Prior to the interlaboratory trial, a pre trial was organized between the 5 project partners to verify the SOP as written, identify potential ambiguities, and establish that the test materials were fit for purpose. The SOP was written in ISO document format and contained supplementary information and suggestions to ensure that all samples were treated in the same way in each laboratory. Participants received the trial chronology and SOP 2 weeks before the start date of the trial. The test report was sent together with the validation samples. It contained all supplementary information that could have influenced the results. The participants were requested to record the following information: shipment conditions, media formulations that were used in the trial (manufacturer, code number, batch numbers, expiration dates, the temperature in the laboratory during analysis, incubation conditions, number of each colony type and total count per plate, confirmation of results, and all deviations from the SOP. The test report with the results of analysis and any additional information had to be returned to the organizing laboratory for statistical analysis.
Each participant received a set of 8 blind samples that contained all sample types (E-H) in duplicate. All test materials were extensively tested prior to the pretrial and interlaboratory trial to ensure that they could be maintained in a stable and homogeneous state for the duration of the distribution and trial period. The test materials were shipped to the participants by courier in polystyrene insulated boxes. An icepack was included to prevent the samples from being subjected to high temperatures during transport. Availability of media needed for the enumeration was the responsibility of the laboratories. Samples were randomly selected for each laboratory. The participants' laboratories were given randomly selected numbers between 1 and 21 to ensure confidentiality of results in the study with respect to other participants. Several validation trials were carried out in the project for 6 probiotic microorganisms, and not every laboratory participated in each trial. The examination of the samples had to take place within a specified time period of 1 month.
Methodology for Analysis of Samples
In the current BS/ISO Standard 15214, a spread plate method for enumeration of lactic acid bacteria in food and feeding stuffs using MRS agar is suggested (1) . In the present validation study 4 different media, MRS agar, acidified MRS agar, MRS + triphenyl tetrazolium chloride (TTC) agar, and a pediococci selective agar (PSM) were used (2, 3, 7, 8) . The procedure for enumerating pediococci in feed samples involved the following steps: reconstitution (I), inoculation of plates (II), incubation (III), confirmation (IV), and enumeration result (V).
(a) Reconstitution of the test material and preparation of initial suspensions.-Three different categories (a-c) of feed samples are present on the market. These are (a) additives containing 10 10 CFU/g, (b) premixtures containing 10 8 CFU/g, and (c) feeds, meal, or pellets containing 10 6 CFU/g, comprising complete feeding stuffs, mineral feeding stuffs, and milk replacers. For enumeration analysis 20 g samples were taken for the first 2 categories (a, b) and 50 g samples for the third (c).
The sample was homogenized in a Waring blender for preparation of the initial 1:10 (w/v) suspension. Additives (a) and premixtures (b) were blended for 3 min at high speed. Feeding stuff (c) was blended for 1 min at high speed (starting with low speed and turned to high speed to avoid splashing). The sample was left to stand for 30 min at room temperature and then blended for another 2 min at high speed. The initial dilution was prepared in phosphate-buffered saline (PBS). Serial dilutions were made in peptone salt diluent immediately after homogenizing the initial suspension to avoid settling of particles (9) .
(b) Inoculation.-A 0.1 mL aliquot of appropriate decimal dilutions was inoculated onto duplicate plates of each of the 4 test media (MRS, acidified MRS, MRS + TTC (0.01 %), or the PSM agar), using the spread plate method.
(c) Incubation.-All plates were incubated anaerobically at 37 ± 1°C. The selective medium (PSM) was incubated for 24 h, and the other 3 media for 36-48 h.
(d) Confirmation.-Presumptive colonies were confirmed by phase-contrast light microscopy. Pediococci are spherical cells arranged in diploid or tetrads.
(e) Enumeration.-Typical colonies were counted and results were reported as CFU/g feeding stuffs in the test report. The data were sent to the organizing laboratory for statistical analysis.
Preparation of Samples
The samples represented feeding stuffs (E, F, H) that contained pediococci at 2 levels and one sample type (G) represented a blank. Pediococci were present in 3 different samples as a single component or were mixed with other probiotic microorganisms used as feed additives such as lactobacilli and bifidobacteria.
Samples of type E weighed 50 g and consisted of milled feed pellets (Lallemand, Toulouse, France). A 3 kg portion of feed pellets as received from Lallemand was milled in a Retsch Mill with a 1.5 mesh sieve (Ultracentrifugal mill type ZM 100, Glen Creston Ltd., Stanmore, UK). Samples of type F weighed 50 g and were a mixture of 30 g feed supplemented with Pediococcus (Lallemand), 1 g spray-dried milk powder containing bifidobacteria (Teagasc, Moorepark, Fermoy, Ireland), and 19 g skimmed milk powder (Oxoid, Basingstoke, UK). Samples of type G contained 20 g dried milk powder with bifidobacteria (Teagasc). Samples of type H were 20 g samples composed of one lactobacilli capsule con-taining Lactobacillus acidophilus and L. rhamnosus (Quest Vitamins Ltd., Birmingham, UK), 19 g skimmed milk powder (Oxoid), and 1 g Bactocell (Bactocell pig, Wyreside Products Ltd., Preston, UK). All samples were numbered chronologically. The organizing laboratory kept a record of the sample identity and the identity of the receiving laboratory.
All constituents were weighed on a 4-decimal place balance, correct to 2 decimal places, into sterile plastic containers with metal screw-cap lids. Either a 100 or 60 mL container was used, depending on sample weight. The lids were closed tightly and stored in airtight plastic bags at 4°C until the dispatch date.
Homogeneity was tested on individual sample constituents using the minimum amount to be used in sample mixtures. Additionally, homogeneity of 10 randomly selected samples was tested (on a total of 70 of each sample type) in duplicate using all 4 media. For experimental analysis, the procedure was followed as outlined in the SOP.
METHOD
Principle
Pediococci are enumerated on traditional lactobacilli media and on a newly developed selective medium using a spread plate technique. The traditional media were MRS, acidified MRS, and MRS supplemented with 0.01% TTC. The PSM was MRS agar supplemented with 2 antibiotics (vancomycin and novobiocin) and an antifungal agent (nystatin). PSM is selective for pediococci and inhibits the growth of other bacteria, yeasts, and molds. The addition of TTC to MRS provides a different coloration for pediococci than for other lactic acid bacteria. Acidified MRS will inhibit enterococci. (s) MRS agar with TTC.-Dissolve 1 g TTC in 100 mL water and filter-sterilize. Add 1 mL of this TTC solution to 100 mL MRS agar medium after autoclaving when the agar is equilibrated to 48°C. Note: TTC is destroyed by autoclaving.
Apparatus and Reagents
(t) Acidified MRS agar (AMRS agar).-Prepare MRS agar, (r), and adjust to pH 5.4 ± 0.1 with 1M HCl prior to autoclaving.
(u) PSM.-Supplement MRS agar, (r), with 0.05% (w/v) cysteine hydrochloride (Sigma C-1276, Poole, Dorset, UK), 10 mg/mL vancomycin, 0.1 mg/mL novobiocin, and 50 U/mL nystatin. Autoclave 500 mL MRS agar base with 0.25 g cysteine-hydrochloride for 15 min at 121°C; then equilibrate to 48°C for addition of the 3 supplements. Prepare filter-sterilized fresh stock solutions of vancomycin (2 mg/mL; Sigma V 8138) and novobiocin (50 mg/mL; Sigma N 6160), and add them to the base at quantities of 2.5 and 1 mL, respectively. Finally, add 2.5 mL commercially available, ready-to-use solution of nystatin (10 000 U/mL; Sigma N 1638) prior to pouring the agar into Petri dishes. Care is needed when preparing the novobiocin stock, as levels >0.1 mg/mL in the media may be inhibitory to the probiotic pediococci and at lower concentrations (<0.1 mg/mL) the probiotic lactobacilli component may not be inhibited. Prepare a stock solution of 1 mg/mL by dissolving 10 mg in 10 mL sterile distilled water. This is further diluted 1:20 for use (50 mg/mL). When the medium has solidified, stack plates and dry them in an incubator at 37°C for ca 12 h, or partially opened in a laminar flow cabinet for 1 h. Check dried plates for sterility.
Statistical Analysis
The homogeneity of test samples was analyzed using the results of 10 randomly selected samples, each of which were enumerated in duplicate on all media. The results of duplicate counts per sample were analyzed for variation between duplicate counts (T1-test) and between the average of duplicate counts between samples. Homogeneity was determined by an F-test (a = 0.05) on the counts. The arithmetic means, T1, T2, Homogeneity data of pediococci in 10 randomly selected validation samples of types E, F, and H, and standard deviations were calculated from the counts to determine homogeneity (10, 11) . For analysis of the trial results, the concepts of repeatability (r) and reproducibility (R) were used because of their wide acceptance for analysis of data from interlaboratory trials in microbiology (4-6, 11, 12). Repeatability provides a measure of the variability between analyses conducted by the same technician in the same laboratory under conditions as similar as possible. Reproducibility measures the variability when different technicians in different laboratories conduct the analyses. The concepts were originally borrowed from the literature relating to chemical analysis, but they are equally applicable to microbiological data, provided the counts are transformed to logarithms before analysis. Horwitz uses Grubbs' and Cochran's tests for outlier data analysis (13, 14) . The analysis allows conclusions about the extent that results can be repeated or reproduced in the same or different laboratories.
Results and Discussion
All test materials were shown to be sufficiently homogeneous for the purpose of the trial (Table 1) . They were stable for 3 months when stored in a dark and dry place at 4°C. All samples had to be examined within a 1-month period.
Table 5. Enumeration results of all trial participants for pediococci in samples of types E-H on the pediococci selective medium (PSM)
Thirteen out of 17 laboratories were able to finalize the trial and return a test report. Four laboratories were unable to carry out the analysis after they received the samples, and they did not return a report. Some laboratories did not use all 4 agars due to preferences and time constraints. All raw data are represented for MRS, acidified MRS, MRS + TTC, and PSM in Ta Figure 1 .
Seventeen parcels were sent and 8 arrived the next day, one parcel the day after, one after 4 days, one after 21 days; for 2 parcels the arrival time was not reported. Ten parcels were cool on arrival, one was at ambient temperature, and for 2 parcels the temperature was not reported. Four laboratories did not return a report. Each participant could choose whether to use commercially available dehydrated media or media prepared from individual ingredients. If the latter was chosen, all ingredients and concentrations used were to be recorded in the test report. Eleven laboratories prepared MRS agar from commercially available media. Individual ingredients were used by 8 laboratories to prepare peptone salt diluent and by 7 for PBS. Each laboratory used the type of pipets they normally use. Decimal dilutions were prepared using either micropipets (4 laboratories), graduated disposable pipets (4 laboratories), or gradu- a For sample type G, insufficient data were available for statistical analysis as this sample contained bifidobacteria only. b NC = Noncompliant (all data that were excluded prior to the statistical analysis to reveal outliers and precision data such as missing data or as "less than" reported data). c C = An outlier according to Cochran's test. ated glass pipets (3 laboratories). Micropipets were used by 7 laboratories to inoculate agar plates, 2 used graduated disposable pipets, and 2 used graduated glass pipets. Deviations from the protocol were not reported or observed. All raw data from the trial were statistically evaluated (5, 6) . Noncompliance and outliers were identified and excluded from the calculation of the repeatability limit (r) and reproducibility limit (R) of the method. Pediococci were present in samples of types E and F in a low and in type H in a high concentration. Samples of type E contained only pediococci. In samples of type F, bifidobacteria and pediococci were present in approximately equal numbers. The pediococci concentration was about 4 log 10 higher in samples of type H than in samples of types E and F. Lactobacilli were in samples of type H at a concentration of about 1-2 log 10 lower than pediococci. For the blank samples of type G, the participants returned 9 valid data sets for MRS, 11 for acidified MRS, 10 for MRS + TTC, and 11 for PSM as shown in Tables 2-5 . Participants using MRS agar returned 5-9 valid data sets (Table  6 ). Eight to 12 valid data sets were returned for acidified MRS and MRS with TTC (Tables 7 and 8 ). For the PSM, 7-10 valid data sets were returned (Table 9) . A calculation of the statistical precision parameters of the agars revealed for MRS agar a repeatability limit (r) of 0.48 (low concentration) and 0.03 (high concentration), for acidified MRS agar 0.44 and 0.22, for MRS with TTC 0.46 and 0.11, and for PSM 0.39 and 0.13. The relative standard deviation of repeatability. g R = Reproducibility limit, s R : standard deviation of reproducibility, RSD R : relative standard deviation of reproducibility.
reproducibility limit (R) was below 1 for all 4 media. The mean of valid results of the trial for all 4 media included the statistical results, the standard deviations, and relative standard deviations, of repeatability and reproducibility and the limits, respectively (Tables 10-13 ). The log 10 mean recovery of pediococci concentrations (CFU/g) on all 4 media was very similar. For samples of type E, it was between 5.49 and 5.56, for type F between 4.98 and 5.09, and for type H between 9.54 and 9.65. These values were within the reproducibility limits as calculated for the precision data. The validation study confirmed a very good reproducibility limit of the method for all media when compared with other precision data for enumeration methods (3, 11, 15, 16) . All participating laboratories preferred the use of MRS agar following BS ISO 15214. This method was already routinely applied by industry and control laboratories for enumeration of probiotic pediococci in feeding stuffs.
Recommendations
A spread plate method using MRS agar following BS ISO 15214 will be recommended by the project partners as official control method for enumeration of pediococci used as additives in animal nutrition. This assumes that pediococci are the only microorganism species present, or are present in at least 10-fold higher concentration than other species. The use of AMRS agar will inhibit enterococci. Pediococci and lactobacilli or bifidobacteria can be distinguished by different red colorations with addition of TTC to MRS agar. A differentiation and simultaneous enumeration of these species, however, will only be possible if the difference in counts does not significantly exceed a factor of 10. PSM provides a medium for selective enumeration if pediococci are in the minority with other microorganisms. relative standard deviation of repeatability. h R = Reproducibility limit, s R : standard deviation of reproducibility, RSD R : relative standard deviation of reproducibility.
